SUMMARY Pulmonary vascular structure was analysed in the lungs of 12 patients who had had a Fontan repair, 11 of whom died. Of the eight patients with a low pulmonary blood flow preoperatively, pulmonary vascular structure was almost normal in seven, but in the remaining patient many intra-acinar arteries contained organised occlusive thrombi. Of the four patients with an increased pulmonary blood flow immediately before operation, there was a significant increase in pulmonary vascular smooth muscle despite three of the patients having had a pulmonary arterial band. The findings suggest that it is more difficult for patients with an increased pulmonary blood flow to fulfil the Fontan criteria for repair, and even when the pulmonary vascular resistance is <4 units/M2 there may be significant pulmonary vascular abnormalities likely to increase right atrial afterload and prejudice the outcome of a Fontan repair.
The Fontan procedure, connection of the right atrium either to the pulmonary artery directly or via a subpulmonary ventricular chamber, provides a physiological correction for tricuspid atresia and other types of double inlet ventricle. '-5 Pulmonary blood flow is dependent on the gradient between right and left atrial pressures, and so pulmonary vascular resistance must be as low as possible. 6 Immediately after operation any increase in right atrial afterload increases right atrial pressure until leakage occurs in the systemic capillaries. The selection criteria for a Fontan procedure demand that the mean pulmonary arterial pressure be --15 mm Hg, pulmonary vascular resistance be <4 units/M2, and that the ratio of the diameter of the main pulmonary artery to that of the aorta be ¢e0.75 with normal sized pulmonary arteries.7 The pulmonary vascular bed may, however, have been compromised by palliative surgery in patients whose intracardiac anatomy is theoretically suitable for a Fontan repair. The clinical condition of most children with tricuspid atresia demands that a systemic-pulmonary anastomosis be performed before they reach the recommended age for a Fontan procedure of 4 years.7 Shunt operations may be compliRequests for reprints to Dr S G Haworth, Hospital for Sick Children, Great Ormond Street, London WC1N 3JH.
Accepted for publication 3 July 1984 cated by the later development of pulmonary vascular disease or distortion of the pulmonary arteries, and even in those patients with a normal pulmonary arterial pressure and resistance the pulmonary vasculature is not necessarily normal. A low pulmonary blood flow may be associated with intimal thromboses, particularly in the presence of polycythaemia.8 An increase in flow with or without an increase in pressure may be associated with an increase in smooth muscle in small precapillary arteries.9 The Fontan procedure is also used in a few patients in whom the pulmonary artery has been banded previously to reduce the pulmonary arterial pressure and flow, on the assumption that pulmonary arterial medial hypertrophy will regress.
This report describes the structure of the pulmonary vascular bed in 12 14-6 (left ventricular typet) (2 yr) PAP, pulmonary arterial pressure; SAP, systemic arterial pressure; Qp:Qs, pulmonary to systemic blood flow ratio; Rp:Rs, pulmonary systemic resistance ratio; Rpa, pulmonary arteriolar resistance; 02 sat, systemuc arterial oxygen saturation.
Pulmonary vascular structure in patients dying after a Fontan procedure 5-10 mm Hg. The mean pulmonary arterial pressure was measured immediately after the Fontan repair in six of the 12 cases and was 17-25 mm Hg. In the patient in case 12 the mean pulmonary arterial pressure after septation was 40 mm Hg. Examination of the phasic pressure traces indicated some obstruction to flow between the right atrium and conduit in two patients (cases 5 and 10) and between the outlet chamber and the pulmonary artery in one (case 8) (personal communication, C Bull). In the presence of a high right atrial pressure tolazoline or nitroprusside or both was given to eight of the 12 patients in an attempt to reduce pulmonary arteriolar resistance as much as possible, with little effect.
A lung biopsy was performed at the time of operation in the patient in case 8. One year after the operation this patient had a mean pulmonary arterial pressure of 9 mm Hg and a pulmonary arteriolar resistance of 2*8 units/M2. Eleven patients died, five within 48 hours and all within 21 days after operation.
PATHOLOGICAL TECHNIQUES
Postmortem lung tissue was examined in 11 patients and biopsy tissue in one. One of the necropsy specimens (case 1) was injected with a barium sulphate gelatin mixture.'I The tissue was embedded in paraffin and 4 um sections were stained with Miller's elastic stain counterstained with van Gieson's stain and with haematoxylin and eosin. The muscularity, size, and number of the peripheral pulmonary arteries were determined using quantitative morphometric techniques.'0 Pulmonary arterial muscularity was assessed by determining mean percentage arterial medial thickness in arteries grouped according to their external diameter and by determining the proportion of muscular, partially muscular, and nonmuscular arteries accompanying terminal bronchioli respiratory bronchioli and alveolar ducts. In each case the mean external diameter of arteries accompanying terminal and respiratory bronchioli and alveolar ducts was determined and the number of intra-acinar arteries assessed by determining the ratio of alveoli to arteries. In each case the mean percentage arterial medial thickness and the mean external diameter of arteries accompanying each type of airway was compared with the normal for age using Student's t test.'' 12 
Results
The lungs appeared normal macroscopically in all 11 necropsy specimens, except in the patient in case 2, who had extensive fibrous adhesions over both lungs after a Barratt's operation. The lungs appeared congested and oedematous in six cases. Microscopically, in all 12 cases the airway and alveolar structure appeared normal. In the 10 cases in which both lungs were available for examination there were no significant differences in airway or vascular structure between the two lungs. Reduced pulmonary bloodflow (cases 1-8)-Mean percentage arterial medial thickness was normal in arteries of all sizes except in two patients (cases 1 and 4), and in these an increase in muscularity was not statistically significant (Fig. 1) . Examination of the structure of arteries accompanying peripheral airways showed that muscle was normally distributed along the arterial pathway in all cases. Mild eccentric intimal proliferation and fibrosis was present in the small muscular preacinar arteries in the patients in cases 4 and 6 and in the intra-acinar arteries in those in cases 2, 4, 6, and 8. In the patient in case 6 many intraacinar arteries contained organised and recanalised thrombi (Fig. 2) . Within the acinus, the mean external diameter of arteries accompanying respiratory bronchioli and alveolar ducts was at the lower limit of the normal range in the seven uninjected specimens and significantly smaller than normal in the one injected specimen (case 1) (p < 0.05). On the postmortem arteriogram the lumen diameter of the preacinar arteries in the patient in case 1 was also small, being 75% of the normal value for age. In all eight cases the alveolar to arterial ratio was normal and varied between 10-4 and 11.2 (normal range 8-2- had a normal appearance in all except the patients in cases 2 and 6, in whom they were enlarged.
Increased pulmonary blood flow (cases 9-12)-In all four patients mean percentage arterial medial thickness was above the normal for age in arteries of all sizes, significantly so in arteries of all size ranges in the patient in case 12 (p < 0-05) and in arteries in some of the size ranges below 200 ,um in diameter in the other three (p < 0.05) (Fig. 1) . Examination of the structure of arteries accompanying peripheral airways showed that the distribution of muscle along the arterial pathway was normal in the patients in cases 11 and 12 but increased in those in cases 9 and 10, in whom 97% and 1000/o of alveolar duct arteries respectively were entirely muscularised compared with the normal range of 4346%. " A thin eccentric layer of intimal fibrosis was present in several terminal bronchiolar arteries in the patients in cases 10 and 11. None showed concentric intimal proliferation. The mean external diameter of arteries accompanying peripheral airways was greater than normal in the patient in case 10 but not significantly so, normal in those in cases 9 and 1 1, and reduced in that in case 12, significantly so at respiratory bronchiolar level (p < 0.02). In all four patients the alveolar to arterial ratio was normal, varying between 116 and 12*5.
Discussion
The Fontan operation was originally described for patients with tricuspid atresia who had a low pulmonary blood flow, and the present study includes eight such patients. In this group the mean pulmonary arterial pressure was slightly higher than the recommended upper limit of 15 mm Hg in two patients, but Juaneda, Haworth was normal, or thought to be normal, in the remaining patients with a low pulmonary blood flow and an appreciably increased haemoglobin concentration. The size of the extra pulmonary arteries was adequate in all. Nevertheless, seven patients died soon after the repair. Immediately after the operation the mean right atrial pressure was high in all cases, and this could have been due either to conduit obstruction, to structural and functional abnormalities of the mitral valve and left ventricle, to structural abnormalities of the pulmonary vascular bed, or to more than one of these factors. Examination of pulmonary vascular structure showed that in all eight cases the muscularity of the peripheral pulmonary arteries was normal, and the intrapulmonary arteries showed little reduction in size. In only one patient with a low pulmonary blood flow was the pulmonary vascular bed probably responsible for the fatal outcome. In this patient the mean pulmonary arterial pressure preoperatively was only 10 mm Hg, but many intra-acinar arteries contained well organised recanalised thrombi.
The present study shows that the pulmonary vessels may contain thrombi in patients with a low pulmonary blood flow who fulfil the criteria for a Fontan operation. There were four such cases, although the thrombi were probably obstructive in only one. The association of polycythaemia and thrombus formation in the lungs was well described in the early days of paediatric cardiology, and most of the patients in the present study with a low pulmonary blood flow had a haemoglobin concentration >16 g/dl. This problem might be avoided by carrying out the repair at a younger age, soon after the shunt operation. A shunt operation is probably necessary in most patients to achieve satisfactory growth of the pulmonary vessels before a Fontan repair is carried out. A lung biopsy is unlikely to be helpful in evaluating the severity of thrombotic disease, since a biopsy specimen cannot be expected to be representative of the entire pulmonary vascular bed in these circumstances.
In the present study, in four patients with a high pulmonary blood flow the mean pulmonary arterial pressure before operation exceeded 15 mm Hg in three, although pulmonary arteriolar resistance was increased in only one and the size of the pulmonary arteries was adequate in all. Immediately after the Fontan repair in all four patients the mean right atrial pressure was ¢20 mm Hg and the structural abnormalities found in the pulmonary vessels probably increased right atrial afterload. All patients showed a considerable increase in pulmonary vascular smooth muscle, despite the pulmonary arteries having been banded in three. Regression of medial hypertrophy might have been less than expected in two of the patients, in whom the pulmonary arteries were banded late, at one year or more.
